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Abstract
Knowledge regarding successive blur discrimination thresholds (i.e., equiblur zones) in depth and across the near retinal periphery, and
their relation to blur detection (i.e., depth-of-focus), remains unknown. The blur detection threshold and four successive blur discrimina-
tion thresholds were measured psychophysically at the fovea, as well as at retinal eccentricities of 0.25°, 2°, 4°, and 8°. A Badal optometer
system was used to assess blur sensitivity monocularly in Wve visually normal young adults with cycloplegia. The foveal test stimulus con-
sisted of a small irregularly shaped black form, and the peripheral test stimulus consisted of high contrast circular apertures of diVerent
radii. Both the group mean blur detection and successive blur discrimination thresholds progressively increased with retinal eccentricity.
At retinal eccentricities of 0°, 0.25°, 2°, 4°, and 8°, the group mean blur detection thresholds were 0.53 § 0.06 D, 0.59 § 0.10 D,
0.93 § 0.11 D, 0.98 § 0.16 D, and 1.25 § 0.25 D, while the average values of the group mean blur discrimination thresholds across the steps
were 0.29 § 0.01 D, 0.37 § 0.01 D, 0.48 § 0.00 D, 0.51 § 0.01 D, and 0.72 § 0.02 D, respectively. At each retinal eccentricity, the blur discrim-
ination thresholds were similar to each other, and they were approximately 60% of the blur detection threshold magnitude. These Wndings
provide a conceptual representation of blur perception throughout the central visual Weld. Possible mechanisms are proposed for the
decreased blur sensitivity in the near retinal periphery, as well as for the diVerence between the blur detection and blur discrimination
thresholds.
© 2006 Elsevier Ltd. All rights reserved.
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Retinal defocus will produce the perception of blur if it
exceeds the neurophysiological and neuroperceptual toler-
ances of the visual system. There are two primary catego-
ries of blur perception: blur detection and blur
discrimination. Blur detection refers to the allowable range
of retinal defocus before the perception of Wrst noticeable
blur occurs (i.e., depth-of-focus). In contrast, blur discrimi-
nation refers to the allowable range of retinal defocus
before an already blurry target appears to be just notice-
ably blurrier. Thus, blur detection is a threshold metric, and
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doi:10.1016/j.visres.2006.04.005blur discrimination is a suprathreshold metric, with both
being related to retinal defocus and the overall perceived
retinal-image quality (CiuVreda et al., 2006).
There have been numerous studies on blur detection
and blur discrimination at the fovea, in which blur sensi-
tivity has been investigated as a function of retinal defo-
cus. The results of Jacobs, Smith, and Chan (1989), and
more recently Wang and CiuVreda (2005a), have demon-
strated that blur discrimination was more sensitive than
blur detection. That is, an individual is more sensitive to a
change in target blur than to the initial target blur. This
was suggested by the results of a much earlier study
(Nachmias & Sansbury, 1974). Moreover, blur discrimina-
tion thresholds were found to be independent of baseline
defocus level in each study (Jacobs et al., 1989; Wang &
CiuVreda, 2005a). A ratio of less than 1.0 is predicted
based on the through-focus changes in modulation
B. Wang et al. / Vision Research 46 (2006) 3690–3698 3691transfer of the human eye (Charman & Jennings, 1976)
and its interaction with the perceptual contrast discrimi-
nation ability of the visual system (Wang & CiuVreda,
2005a). Moreover, neural sharpening (Jacobs et al., 1989)
and blur buVering (Wang & CiuVreda, 2005a, 2005b) have
also been proposed as additional mechanisms involved in
this phenomenon. Lastly, in two other studies (Campbell
& Westheimer, 1958; Walsh & Charman, 1988), sensitivity
to oscillatory changes in retinal defocus of a test target
was measured as a function of defocus level. The results
indicated that an initial increase in blur sensitivity to a
focus change occurred as the baseline retinal image was
slightly defocused and displaced from the nominal “best
focus” point of the eye (i.e., the far point of accommoda-
tion). For greater baseline retinal defocus levels, blur sen-
sitivity remained either relatively constant or diminished
somewhat depending on properties of the test target (e.g.,
spatial frequency spectrum) (Walsh & Charman, 1988).
The above Wndings are consistent with current knowledge
related to the increased sensitivity found for blur discrim-
ination versus blur detection (Jacobs et al., 1989; Wang &
CiuVreda, 2005a).
However, only few investigations have been conducted
on defocus blur detection and discrimination in the reti-
nal periphery (Ronchi & Molesini, 1975; Wang & Ciu-
Vreda, 2004, 2005b). In the Ronchi and Molesini (1975)
study, blur detection thresholds (i.e., depth-of-focus) were
measured in the far retinal periphery (»7° to 60°). They
were found to increase progressively with retinal eccen-
tricity, with far peripheral values as large as 7–12 D. And,
in more recent studies (Wang & CiuVreda, 2004, 2005b),
blur detection thresholds were assessed in the near retinal
periphery (up to 8°). They too were found to increase pro-
gressively with retinal eccentricity. The results from the
above investigations demonstrated that blur detection
thresholds increased over a wide range of retinal eccen-
tricities as a continuum (Wang & CiuVreda, 2004). In
addition, the initial blur discrimination threshold was also
found to increase with retinal eccentricity (Wang & Ciu-
Vreda, 2005b). At each retinal eccentricity, the initial blur
discrimination threshold was approximately 60% of the
magnitude of the blur detection threshold, as found ear-
lier at the fovea (Wang & CiuVreda, 2005a). Thus, the ini-
tial blur discrimination threshold was more sensitive than
blur detection across the near retinal periphery as well as
at the fovea.
There has not been any study of blur discrimination as a
function of baseline retinal defocus level (i.e., successive
blur thresholds) in the near retinal periphery as compared
with the fovea. In the present experiment, successive focus-
dependent blur discrimination thresholds and their relation
to the corresponding blur detection thresholds were
assessed psychophysically across the near retinal periphery
and at the fovea. This new information provides a concep-
tual representation of the spatial distribution of the diop-
tric zones of clarity and blur in depth across the central
visual Weld.2. Methods
2.1. Subjects
Five visually normal, young adult subjects (22–30 years, mean of 25
years), all of whom were students at the SUNY State College of Optome-
try, participated in the study. Each had corrected Snellen visual acuity of
20/20 or better in the tested right eye. The group mean spherical and cylin-
drical refractive correction for the tested right eye was ¡1.55 § 1.11 D and
¡0.33 § 0.28 D, respectively, which was compensated for by the optical
system during all testing. A licensed optometrist performed a vision
screening on each subject to avoid any potential adverse side eVects from
the administration of 1% cyclopentolate HCl, which was used for both
cycloplegia and pupillary dilatation during the testing. The study was
approved by the Institutional Review Board of the SUNY State College of
Optometry, and the experiment was undertaken with the full understand-
ing and written informed consent of each subject.
2.2. Apparatus
The apparatus consisted of a two-channel Badal optical system, which
was combined optically with a half-silvered mirror (HSM,
transmittance:reXectance D 60:40) (Fig. 1A). This system has been
described in detail elsewhere (Wang & CiuVreda, 2004). One channel
(CH1) was positioned in front of and aligned along the line-of-sight of the
subject’s right eye, and the other channel (CH2) was placed perpendicular
to CH1. There was an artiWcial pupil (AP) of 5 mm diameter positioned in
front of the tested eye that was common to both channels. The system’s
resolution was 0.05 D.
The test target channel (CH1) consisted of a Badal camera lens (L1) of
10 D, an iris diaphragm (ID), a slide holder (SH), and a light box (LB1).
The aperture size of the ID was adjustable, which served as the eccentric
(0.25°, 2°, 4°, 8°), high-contrast (73%) test target (Fig. 1B). The foveal test
target was comprised of an irregularly shaped, annular-like, high-contrast
(73%) black form (approximately 7.5 min arc radius), which was mounted
on SH behind ID during testing (Fig. 1B). For measurement with the
foveal test target, the aperture radius was Wxed at 6°. LB1 served as the
background illumination for the test target channel. These targets have
been used in our earlier investigations (Wang & CiuVreda, 2004, 2005a,
2005b) and have served as good stimuli for such experiments.
The Wxation target channel (CH2) consisted of a Badal ophthalmic
lens (L2), a low-contrast (8%) black cross (BC), and a light box (LB2). The
BC on transparent Wlm was positioned dioptrically at the far point of
the subject’s right eye. It served as the Wxation target. The line segments of
the BC target subtended 10 min arc at the nodal point of the subject’s eye
and Wlled the test Weld. LB2 provided the background illumination for the
Wxation target channel. The overall background Weld luminance
(LB1+LB2) was 690 cd/m2.
There was a carefully aligned headrest/chinrest assembly to maintain
head stability; with any head movement, a small portion of the test Weld
would disappear due to vignetting, and hence this loss of information
functioned as a visual cue for the subject to realign the head. When the
head was properly aligned, the entire circular test Weld was present.
2.3. Procedure
Prior to commencement of testing, all subjects received several minutes
of training in the recognition of “just detectable blur” and of “just discrimi-
nable blur”. With their distance refractive correction in place and gazing
monocularly into the distance (6 m) at the center of a series of black aper-
ture-like forms, which served as a representation of the actual eccentric test
target arrangement (0.25°–8° in radius) in the apparatus, +0.25 D lenses were
added consecutively in the spectacle plane to demonstrate what was meant
by small blur changes of the aperture edge. Before commencement of testing,
an additional training session for blur detection and blur discrimination at
each retinal eccentricity was performed in the test apparatus to minimize any
potential learning eVects during the experiment.
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of cyclopentolate HCl (1% Akpentolate, 2 mL, Akorn, Inc.), with each
drop separated by a Wve minute period per the manufacturer’s instructions
using a multi-dose vehicle. It took approximately 30 min to achieve the
maximum pharmacological eVect (RosenWeld & LinWeld, 1986). Then, the
refractive state of the subject was tested objectively with a Canon R-1
infrared auto-refractor (Canon, Lake Success, NY) to ensure presence of
the full cycloplegic eVect. The Canon R-1 has a resolution of 0.12 D. The
subject was instructed to gaze into the distance, and then attempted to
focus on a near target (33 cm). The readings of the auto-refractor at each
distance were compared. If the accommodative states diVered by 0.25 D or
less, the experiment commenced. The experiment was completed before
dissipation of the cycloplegic’s maximum eVect (Mordi, Tucker, &
Charman, 1986; RosenWeld & LinWeld, 1986).
Once full cycloplegia and pupillary dilation were achieved, the subject
was asked to look into the two-channel Badal system through the AP with
the right eye (RE). The left eye (LE) was fully occluded with a black eye
patch (EP). Order of target presentation was counterbalanced across
subjects.
First, the far point of the right eye was determined for each target as
follows. The subject was instructed to Wxate on the intersection of the low
contrast black cross (BC), while visually attending to the appearance of
the test target (i.e., aperture edges or the irregularly shaped form). The
micrometer stage upon which the test target was mounted was manually
displaced in the Badal optical system by the subject to obtain the point of
maximum target clarity. This point served as the estimated far point. Tolocate the true far point, the experimenter then used the following method.
The target was Wrst defocused by manual displacement in the optical sys-
tem away from the estimated far point. Then it was displaced slowly
(»0.1 D/s) from either the proximal or distal out-of-focus region toward
the estimated far point. The endpoint position was noted when the test tar-
get just appeared to be clear and sharply focused. The dioptric midpoint
between the proximal and distal endpoints was taken as the far point of
the subject’s eye, with a resolution of 0.05 D.
Then, the blur detection and successive blur discrimination thresholds
were measured at the fovea and at each retinal eccentricity (0.25°, 2°, 4°
and 8°) using a 100% blur criterion (Wang & CiuVreda, 2005a). The test
target was initially placed at the far point. Then, it was slowly displaced
manually away from the subject’s eye by the experimenter at a speed of
approximately 0.1 D/s. The subject was instructed to attend visually to the
change in appearance over time of either the aperture edge for the near
peripheral test targets or the central irregular form for the foveal test tar-
get. Fixation was maintained at the intersection of the low-contrast black
cross. Once “just detectable blur” of the test target was Wrst perceived, the
subject indicated this to the experimenter by depressing a small handheld
clicker. The experimenter recorded this position (B), and its dioptric dis-
tance from the far point (C) was taken as the Wrst blur step (CB) value (i.e.,
the blur detection threshold). Then, the test target was similarly displaced
further away from position B. The subject was instructed to indicate when
“the least discriminable change in degree of the target’s blurriness was per-
ceived”. The experimenter recorded this position (B1), as well as its
dioptric distance from the position B as the second blur step (BB1) valueFig. 1. (A) Top view schematic representation of the two-channel Badal optical system. Symbols: CH1, test target channel; CH2, Wxation target channel;
RE, right eye; LE, left eye; EP, eye patch; AP, artiWcial pupil; HSM, half-silvered mirror; L1, Badal camera lens; L2, Badal ophthalmic lens; ID, iris dia-
phragm, SH, slide holder; BC, black cross; LB1, light box 1; and LB2, light box 2. (B) Peripheral and foveal test targets.
B. Wang et al. / Vision Research 46 (2006) 3690–3698 3693(i.e., initial blur discrimination threshold). The above procedure was
repeated to obtain the next three successive blur discrimination thresholds
(i.e., B1B2, B2B3, B3B4), until the test target was incapable of being dis-
placed further due to the physical defocus limit of the Badal optical system
(maximum D §5 D). Successive blur thresholds were obtained in sequence
to simulate a target progressively being displaced in depth as might occur
under naturalistic environments. The above multiple-step measurement
was repeated Wve times for each test target. The entire experiment con-
sisted of 25 trials, and lasted approximately 1.5–2 h for each subject. There
was a 10 min rest period in the middle of the study (i.e., 1 h after the com-
mencement of the real measurements). In addition, short periods of rest
were allowed as needed during the testing.
The entire protocol was conducted twice on two subjects (S2 and S5) to
assess repeatability of the measurements.
3. Results
3.1. Main experiment
The group mean (§SEM) blur detection threshold (i.e.,
CB) and successive blur discrimination thresholds (i.e.,
BB1, B1B2, B2B3, B3B4, respectively) as a function of reti-
nal eccentricity are presented in Fig. 2. Both the blur detec-
tion and the blur discrimination thresholds increased with
retinal eccentricity. At each retinal eccentricity, the blur dis-
crimination thresholds were similar to each other. Further-
more, they were approximately 60% of the blur detection
threshold magnitude. A one-way, within-subjects (repeated
measures) ANOVA for the blur detection thresholds
yielded a signiWcant eVect of retinal eccentricity
[F (4,20) D 3.792, p D 0.02]. Thus, the blur detection thresh-
olds diVered with retinal eccentricity. A two-way, within-
subjects (repeated measures) ANOVA was performed on
the blur discrimination thresholds, which yielded a signiW-
cant eVect of retinal eccentricity [F (4,80) D 16.827,
p < 0.001]. Thus, the blur discrimination thresholds also
diVered with retinal eccentricity. However, there was no
eVect of blur step on the blur discrimination threshold
[F (3,80) D 0.0819, p D 0.97], nor any interaction eVect
Fig. 2. The group mean blur detection threshold (§1SEM) and blur dis-
crimination threshold (§1SEM) as a function of retinal eccentricity. CB,
blur detection threshold; BB1, B1B2, B2B3, and B3B4, blur discrimination
thresholds. SEM represents between-subject variability.between these two factors [F (12,80) D 0.0521, p D 0.99]. A
post hoc analysis (Planned Comparison Test) of the blur
detection thresholds and the mean blur discrimination
thresholds (i.e., the average of the group mean blur discrim-
ination thresholds across the blur steps) is presented in
Tables 1A and B. Only blur sensitivity at the largest retinal
eccentricity (8°) was signiWcantly diVerent (p < 0.05) from
the smaller retinal eccentricities.
Due to the lack of eVect of blur step (i.e., BB1, B1B2,
B2B3, and B3B4) on blur discrimination thresholds, their
values were combined. An average of the group mean blur
discrimination thresholds (§1SEM) across the four steps is
presented in Fig. 3, along with the group mean blur detec-
tion threshold, each as a function of retinal eccentricity. At
Table 1
(A) Post hoc analysis (Planned Comparison Test) probability matrix for
the blur detection threshold values as a function of retinal eccentricity. (B)
Post hoc analysis (Planned Comparison Test) probability matrix for the
mean blur discrimination threshold values as a function of retinal
eccentricity
Gray boxes indicate retinal eccentricity (degrees). Bold numbers indicate
statistically signiWcant comparisons (p < 0.05). Non-bold numbers indicate
statistically non-signiWcant comparisons (p > 0.05).
0 0.25 2 4 8 
0 - 0.791 0.083 0.053 0.003
0.25 - 0.135 0.089 0.006
2 - 0.819 0.144
4 - 0.213
8 - 
Blur Detection 
0 0.25 2 4 8 
0 - 0.468 0.092 0.055 0.001
0.25 - 0.315 0.208 0.004
2 - 0.789 0.038
4 - 0.065
8 - 
Mean Blur Discrimination 
A
B
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the blur detection and blur discrimination thresholds.
There were signiWcant diVerences at retinal eccentricities of
0°, 2°, and 4° (t-test, p < 0.05) between blur detection and
the mean blur discrimination thresholds. The blur detection
threshold increased from 0.53 § 0.06 D at the fovea to
1.25 § 0.25 D at 8° of retinal eccentricity. The mean blur
discrimination threshold increased from 0.29 § 0.01 D at
the fovea to 0.72 § 0.02 D at 8° of retinal eccentricity. The
error bars (§SEM) for the mean blur discrimination
thresholds in Fig. 3 were considerably smaller as compared
with the blur detection thresholds. This was because the
former one represented the variability of the four blur steps
(i.e., B-B1, B1-B2, B2-B3, and B3-B4), instead of the actual
intersubject variability as shown by the error bars in Fig. 2
for each blur discrimination step. The linear regression
equation for the blur detection threshold was
y D 0.61 + 0.09x (r D 0.96; r2 D 0.91; p D 0.011), and it was
y D 0.33 + 0.05x for the mean blur discrimination threshold
(r D 0.98; r2 D 0.95; p D 0.005). Furthermore, the slopes of
these two linear regression lines were each signiWcantly
diVerent from zero [blur detection, F (1, 3)D 31.25,
p D 0.011; blur discrimination, F (1,3) D 57.76, p D 0.005].
Lastly, there was a trend for the slopes of the two linear
regression lines to be diVerent from each other
[F (1, 6) D 5.28, p D 0.061].
Fig. 4A presents the group mean blur ratio (§1SEM) at
each retinal eccentricity. The blur ratio between the mean
blur discrimination and the blur detection thresholds
remained relatively constant, with an overall mean value of
0.57. A one-way ANOVA revealed no signiWcant eVect of
retinal eccentricity on this ratio [F (4, 24)D 0.914, pD0.475].
Because blur discrimination was independent of the baseline
blur level, the percentage change in the blur discrimination
Fig. 3. The group mean blur detection threshold (§1SEM) and average
group mean blur discrimination threshold (§1SEM), which represents
between-step variability as a function of retinal eccentricity. Linear regres-
sion (solid lines): y D 0.61 + 0.09x (r D 0.96; r2 D 0.91; p D 0.011) for the
group mean blur detection threshold; y D 0.33 + 0.05x (r D 0.98; r2 D 0.95;
p D 0.005) for the average group mean blur discrimination threshold. Con-
Wdence intervals (95%): dashed lines for the blur detection thresholds; dot-
ted lines for the blur discrimination thresholds.thresholds would be expected to decrease progressively with
increase in pedestal defocus blur. This is shown in Fig. 4B,
in which the mean Weber fraction (i.e., delta blur/blur)
(§1SEM) for the diVerent retinal eccentricities is plotted as
a function of blur step magnitude.
3.2. Repeatability experiment
Results for the two test sessions in two subjects (i.e., S2
and S5) are presented in Fig. 5. The overall trends were sim-
ilar. The intersession diVerences of the individual mean val-
ues, as well as their associate variabilities (§SD), were
larger for blur detection than for blur discrimination.
4. Discussion
The results of the present study demonstrate increased
visual sensitivity (»40%) for blur discrimination as
Fig. 4. (A) The group mean blur ratio (§1SEM) between the mean blur
discrimination and blur detection thresholds as a function of retinal
eccentricity. SEM represents between-subject variability. (B) The mean
Weber fraction (i.e., delta blur/blur) (§1SEM) as a function of blur step.
SEM represents between-eccentricity variability, and the error bars are
smaller than symbol size.
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near retinal periphery for the diVerent defocus levels. Thus,
less retinal defocus was necessary to discriminate blur than
to Wrst detect its presence throughout the entire central
Weld. This conWrmed and extended previous Wndings (Wang
& CiuVreda, 2005a, 2005b).
4.1. Schematic representation of equiblur zones
Based on the results of the current experiment, as well as
earlier ones (Wang & CiuVreda, 2004, 2005b), a scaled sche-
matic representation of the spatial distribution of the diop-
tric zone of clarity (i.e., the total depth-of-focus range) and
the four subsequent equiblur discrimination zones, both in
Fig. 5. Blur detection and mean blur discrimination thresholds (§1SD) as
a function of retinal eccentricity in two separate test sessions for S2 and S5.
Open circles and triangles represent the blur detection and mean blur dis-
crimination thresholds for the Wrst session, respectively. Filled circles and
triangles represent the blur detection and mean blur discrimination
thresholds for the second session, respectively. SD represents within-sub-
ject variability.depth and across the near retinal periphery under near mon-
ocular viewing conditions, is presented in Fig. 6. The depth-
of-focus is assumed to be symmetric in most of the previous
literature (see, Wang & CiuVreda, 2006 for a review). How-
ever, in a recent investigation (Cheng, Bradley, & Thibos,
2004), the ocular depth-of-focus measured using the crite-
rion of loss of target’s detail was found to be asymmetric in
the presence of introduced higher-order aberrations (e.g.,
spherical aberration). This asymmetry will vary among the
population because of individual diVerences in ocular aber-
rations. Thus, for simplicity, it was assumed in the present
study that blur sensitivity was dioptrically symmetric for
both distal and proximal retinal defocus with respect to the
far point. The heavy solid line depicts the constellation of
points conjugate to the retina (i.e., the zero retinal defocus
plane) as a function of retinal eccentricity per Ferree, Rand,
and Hardy (1931). The target, T, is positioned in front of this
conjugate focal plane per the expected lag of accommodation
Fig. 6. Schematic representation of the depth-of-focus equiclear zone and
the successive equiblur zones (monocular viewing condition): T, target;
solid heavy line, zero retinal defocus plane; solid thin lines, proximal/distal
limits of the depth-of-focus (initial blur detection thresholds); dashed
lines, subsequent equiblur zones (blur discrimination thresholds), num-
bers represent diopters of defocus, and numbers denoted in degrees repre-
sent retinal eccentricities.
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ulus/response function (CiuVreda, 1991, 1998; Morgan,
1968). The thin solid lines represent the proximal and distal
limits of the zone of clarity. Hence, target T is perceived to
be in focus, as would be any target within this zone of clarity
despite small diVerences in the magnitude of retinal defocus.
This region of perceived clarity progressively increased both
dioptrically and spatially with retinal eccentricity. The thin
dashed lines depicted in front of and behind this zone of
clarity represent the subsequent blur discrimination thresh-
old limits, which are approximately 60% of the magnitude of
the initial blur detection threshold values. They too progres-
sively increased dioptrically and spatially with retinal eccen-
tricity. Hence, within any one of these equiblur zones, the
perceived target blur would be the same; only when its limits
were exceeded would the originally blurry target now appear
to diVer in its degree of blur. Progressive change in perceived
blur across the diVerent equiblur zones is demonstrated with
a series of computer-simulated pictures on the right side of
Fig. 6. A scaled schematic representation of the dioptric
zone of clarity and adjacent equiblur zones at near under
binocular viewing conditions is presented in Fig. 7, along
with the horopter as the binocular correspondence reference
Fig. 7. Schematic representation of the depth-of-focus equiclear zone and
the initial proximal and distal equiblur zones (binocular viewing condi-
tion): T, target; H, horopter; heavy black solid line, zero retinal defocus
plane for right eye; and heavy solid gray line, zero retinal defocus plane
for left eye; thin solid black lines, proximal/distal limits of the depth-of-
focus for the right eye; and thin solid gray lines, proximal/distal limits of
the depth-of-focus for the left eye; thin dashed black lines, proximal/distal
limits of the equiblur zone for the right eye; and thin dashed gray lines,
proximal/distal limits of the equiblur zone for the left eye; L, left eye; and
R, right eye.point (Ogle, 1950). At all distances except inWnity where the
visual axes are parallel, there would be slight non-overlap-
ping of the respective blur detection and blur discrimination
planes projected from each eye. Within these slightly non-
overlapping regions, the retinal defocus in one eye would be
slightly diVerent than in the fellow eye. For example, if one
assumes that the accommodative response is precisely
focused on the biWxated target at 4 D (centrally), and that
target is in a Xat plane, then there will be a dioptric demand
diVerences between the two eyes. The dioptric diVerence at
each eye’s zero retinal defocus plane at eccentricities of 4°
and 8° would be 0.04 and 0.16 D, respectively, assuming a
60 mm interpupillary distance. Since these dioptric diVer-
ences are within the typical depth-of-focus of the human eye
in the near retinal periphery (Wang & CiuVreda, 2004, 2006),
the target would be perceived with equal clarity in each eye.
For completeness, future studies should be conducted in the
far retinal periphery (Ronchi & Molesini, 1975) to assess for
generality of the spatial layout across the entire visual Weld
under both monocular and binocular viewing conditions.
4.2. Proposed mechanisms
Four mechanisms are proposed to explain the relative
decrease in blur sensitivity (i.e., blur detection and blur dis-
crimination) with retinal eccentricity. They have been dis-
cussed in detail elsewhere (Wang & CiuVreda, 2004, 2005b),
and they are only brieXy described here in probable order
of importance. These include: (1) cone receptor/ganglion
cell neuroanatomy and neurophysiology (Curcio & Allen,
1990; Curcio, Sloan, Kalina, & Hendrickson, 1990; Øster-
berg, 1935), (2) perceptually related sharpness overcon-
stancy (Galvin, O’Shea, Squire, & Govan, 1997), (3) visual
attention (Saarinen, 1993; Shulman, Sheehy, & Wilson,
1986), and (4) visual optics (Navarro, Artal, & Williams,
1993; Ogboso & Bedell, 1987). Increase in the eVective cone
photoreceptor sampling size and increased signal conver-
gence with eccentricity would progressively elevate the neu-
ral blur thresholds in the near retinal periphery. In addition,
due to the presence of perceptually compensatory sharp-
ness overconstancy, decreased visual attention, and slightly
degraded visual optical quality in the near retinal periphery
relative to the fovea, a greater degree of retinal defocus and
related retinal-image spread would need to be present for
an appropriate neural signal to be generated and pooled,
thus producing the perception of blur.
The increased blur sensitivity found for blur discrimina-
tion versus blur detection may in part be explained by the
following two mechanisms, which have been described
extensively in earlier studies (Wang & CiuVreda, 2005a,
2005b). First, near-focus plateau of a defocused optical sys-
tem (Remole, 1982), as well as the interaction between con-
trast discrimination and the ocular MTF response to
defocus (Bradley & Ohzawa, 1986; Hamerly & Dvorak,
1981; Remole, 1982; Wang & CiuVreda, 2005a; Watt &
Morgan, 1983), would act to increase blur sensitivity in the
presence of a perceptually blurry versus a perceptually clear
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(Wang & CiuVreda, 2005a, 2005b) was proposed as a
higher-level neuroperceptual process to extend and prolong
one’s perception of clarity of a visual scene for objects at
slightly diVerent distances within the depth-of-Weld (Wang
& CiuVreda, 2005a, 2005b). Once the target becomes per-
ceptually blurry, however, this blur buVering mechanism
would no longer function, thereby eVectively increasing
subsequent blur sensitivity (i.e., blur discrimination), which
would primarily reXect lower-level visual optics and retinal
physiological mechanisms. In addition, although blur dis-
crimination ability decreases in the near retinal periphery as
shown from the present study, it is still better (by approxi-
mately 40%) than blur detection at each retinal eccentricity
in each depth plane. Thus, blur sensitivity increases once
the target is displaced outside of the DOF zone of clarity.
4.3. Distance order and depth perception
In one’s everyday surrounds, an individual must esti-
mate both the relative and absolute distance of objects
(CiuVreda & Wang, 2004; Ittelson, 1960). There are many
binocular and monocular cues to depth perception that will
assist one in determining the distance order of objects in the
visual environment. Some of these include binocular dis-
parity, relative angular size, occlusion, motion parallax, and
ocular motor eVerence and related sensory feedback (Ciu-
Vreda, 2002; CiuVreda & Engber, 2002; Fisher & CiuVreda,
1988; Ittelson, 1960).
The equiblur zones could also serve as reference planes
for depth judgments. This may involve two aspects. First,
based on diVerential retinal blur and retinal contrast levels
associated with each equiblur zone, one can use this infor-
mation to determine the relative distance of an object with
respect to the zero defocus plane (Mather, 1997; O’Shea,
Blackburn, & Ono, 1994; O’Shea, Govan, & Sekuler, 1997).
Second, the border between the blurred and sharp regions
can be used to establish its relative direction (i.e., in front or
behind) with respect to the zero defocus plane (Mather,
1996; Mather & Smith, 2002). For example, an out-of-focus
target with a blurry textured region and a blurry border will
be perceived to be located proximal to the plane of focus,
while an out-of-focus target with a blurry region and a
sharp border will be perceived to be located distal to the
plane of focus. Furthermore, this information derived from
retinal-image blur can be integrated by the visual system
with that from other visual cues (e.g., disparity, contrast,
interposition, etc.) or other sensory modalities (e.g., audi-
tion), which would provide cue reinforcement and addi-
tional guidance to judge the depth order of objects at
diVerent distances (Mather, 1997; Mather & Smith, 2000).
This may be especially important in dynamic situations, in
which the addition of blur can improve the speed and accu-
racy in such a depth-ordering task (Mather & Smith, 2004).
Lastly, three other factors may aVect the equiblur zones.
Since the width of the equiblur zones increases progres-
sively with retinal eccentricity, this sensory depth order cuewill be less accurate in the retinal periphery. However, this
is consistent with other sensory thresholds, such as stereoa-
cuity (Siderov & Harwerth, 1995) and contrast (Legge &
Kersten, 1987; Pointer & Hess, 1989). In addition, while
small diVerences in depth of these equiblur zones will likely
occur between normals, larger ones would be predicted in
patients manifesting either selective functional or organic
ocular diseases. For example, both anisometropic and
isometropic amblyopes have reduced blur sensitivity (Ciu-
Vreda, Levi, & Selenow, 1991) and blur discrimination abil-
ity (CiuVreda & Fisher, 1987). Thus, they would be
expected to exhibit larger equiblur zones, which would
make their blur-based depth ordering ability to be less sen-
sitive than in their visually normal counterparts. Further-
more, the immediate prior visual experience may aVect the
equiblur zones in normals. For example, a recent study
demonstrated increased blur sensitivity after a short period
of blur adaptation in myopes (Wang, CiuVreda, & Vasud-
evan, in press). Therefore, the widths of these equiblur
zones and the zone of clarity (i.e., depth-of-focus) would be
compressed across the visual Weld after a period of blur
exposure, thus demonstrating its dynamic nature.
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